I. INTRODUCTION

S
EASONAL snow cover is the major source of fresh water over wide areas of the mid-latitudes. Snow water equivalence (SWE), the product of snow density and depth, is the most important parameter for hydrological study because it represents the amount of water potentially available for runoff. Measurement of the amount of water stored in the snowpack and forecasting the rate of melt are thus essential for management of water supply and flood control systems. Because of rough, irregular topography, these attributes exhibit large spatial variability over alpine drainage basins, making it impractical to gather enough in situ measurements.
During the past two decades, little attention has been paid to microwave interactions of snow pack at L-Band (1.25 GHz) frequencies or lower, while much work has been done at C-Band (5.5 GHz) or higher frequencies [1] - [5] . Because snow grains are much smaller than incident L-Band wavelengths, no significant volume scattering can be generated by a snowpack. At C-Band or higher frequencies, however, snow density affects the magnitude of the volume scattering and the surface scattering properties at the snow-ground interface [6] .
Estimation of dielectric and roughness properties of the ground under the snow is important for modeling snowmelt runoff and for inferring the properties of the overlying snow-pack. Both subsurface dielectric and roughness properties are needed to partition the backscattering signal between the ground surface and the snow itself [7] . Soil water and groundwater derived from snow are important water resources, and modeling snowmelt runoff requires knowledge of the rate and amount of melt water that enters the ground. Many factors affect the infiltration process, including the surface melt rate, the movement of water through the snow, and the thermal and physical properties of snow and soil. The temporal and spatial measurements that are required for modeling the infiltration process are not practical [8] , [9] . Instead, estimation of dielectric or moisture information from remote sensing data provides an alternative way of monitoring the rate and amount of melt water that enters the ground.
Snow density and depth are generally not highly correlated, so they must be considered as independent variables in field surveys of the spatial distribution of snow and in the study of snow's microwave backscattering properties. In this investigation, we focus on snow density's effects on backscattering signals, especially at L-Band. We develop techniques that use SIR-C's L-Band sensor to estimate dry snow density, subsurface dielectric properties, and soil roughness. In a companion paper, we address the problem of estimating snow depth [7] . The product of depth and density is snow water equivalence.
In Section II, we use numerical simulation to show the effects of dry snow density on L-Band backscattering. Sections III and IV develop algorithms for estimating snow density and subsurface dielectric and roughness properties. In Section V, we show the performance of these algorithms using three SIR-C L-Band images and field validation at our study site at Mammoth Mountain, CA. Table I shows the list of symbols used throughout this paper.
II. EFFECTS OF DRY SNOW COVER ON BACKSCATTERING AT L-BAND
Volume scattering and extinction from dry snow are small at L-Band. At microwave frequencies, the absorption coefficient (the imaginary part of the dielectric constant) of ice is small, and snow grains are also small compared to an incident L-Band wavelength (24 cm). Therefore, we can simplify the backscattering model by considering a dry, homogeneous snowpack over a bare soil or rock surface.
Two sets of parameters control surface backscattering from a random surface with no orientation of features [10] , [11] .
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When the electromagnetic wave passes through the snowpack versus directly striking the ground, the following differences occur.
1) Because of refraction within the snow, the incidence angle at the snow-ground interface is smaller. 2) The incident wavelength at the snow-ground interface is shorter because the snow is dielectrically thicker than air.
3) The snow layer reduces the dielectric contrast at the snow-ground interface, which in turn reduces the reflectivity at snow-ground interface. 4) The power loss at the air-snow interface reduces the total energy incident on the snow-ground interface. The first two factors result in a change of the sensor observing parameters. Assuming the snowpack has no significant volume scattering at L-Band, we can calculate (1) Note that the dielectric contrast should be used instead of , and that should be used instead of when calculating the backscattering at the snow-ground interface. Since most natural terrain has a small RMS height and random surface slope, single scattering will dominate over multiple scattering in most situations. In this study, the single-scattering IEM model is used because it allows for a much wider range of surface roughness conditions than the traditional surface backscattering models [11] .
We simulated L-Band backscattering of a bare surface with and without snow cover with (1) . Input parameters included a typical snow density of 320 kg m , the exponential surface correlation function with 15 mm and 120 mm for the surface rms height and correlation length, and a ground dielectric constant of 8.3 1.2. Fig. 1 shows the angular response of the backscattering coefficients at HH and VV polarizations. The snow cover causes the backscattering to increase, especially for HH polarization and especially at large incidence angles.
The shift in wavenumber (or wavelength is a function of snow density. For the range of snow and without snow cover (solid line). The same ground surface dielectric and roughness parameters were used for both cases.
densities considered-100 to 550 kg m -the L-Band propagation wavelength in snow ranges from 21 to 16 cm, compared to 24 cm in air. Because the surface roughness effect depends on its size relative to the incident radar wavelength, the shortening of the incident wavelength for higher snow densities will result in the soil surface appearing rougher than it would if the snow were absent. This causes an increase in the surface backscattering signal and is especially strong for a nearly smooth surface. However, this effect, caused by the wavelength shift becomes smaller when the surface is rougher or the incident frequency is higher.
Snell's law specifies the change in incidence angle: . The incidence angle at the snow-ground interface depends only on the incidence angle at the snow surface and the dielectric constant of snow, not on its thickness. Thus, it is a function of snow density. For a given incidence angle at the snow surface, a greater snow density causes a greater change in the incidence angle at the snow-ground interface. For a given snow density, however, a larger incidence angle at the snow surface results in a greater change in the refractive angle in the snow layer. Therefore, a greater increase in the backscattered power at larger incidence angles is expected than that at smaller incidence angles, as Fig. 1 shows.
Furthermore, comparison of HH and VV polarizations in Fig. 1 shows a smaller increase in VV polarization than in HH polarization for the same snow density and ground surface properties. The backscattering of VV polarization as a function of incidence angle declines more slowly than that of HH polarization when the surfaces are not too rough. Therefore, the changes in VV polarization are smaller than that of HH polarization. However, for a very rough surface, the angular dependence is smaller than that for a smooth surface, and the difference between VV and HH polarization is smaller [10] .
In summary, while a dry snowpack does not absorb or scatter the radar signal at low frequencies, it nevertheless affects the magnitude of the backscattering from the underlying rock or soil and the relationship between HH and VV polarization. The magnitude of the effect depends on the radar incidence angle, snow density, roughness, and dielectric properties of the soil. Snow is more likely to enhance the backscattering magnitude of a smooth soil than a rough soil. These factors enable development of an algorithm for inferring snow density using L-Band SAR measurements.
III. INVERSE MODEL DEVELOPMENT FOR ESTIMATION OF SNOW DENSITY
For a given set of sensor parameters (i.e., incidence angle and wavelength), the copolarized signatures of the surface backscattering are highly correlated. The relationship between HH and VV measurements is sensitive to dielectric and roughness properties of the surface [10] - [14] . As the surface roughness increases and the dielectric constant decreases, the difference between HH and VV backscattering decreases. On the other hand, the sensor parameters affect this relationship. As incidence angle and wavelength decrease, the difference between HH and VV backscattering decreases.
Thus, our goal is to develop a model that can be used to characterize the relationship between HH and VV measurements. This model should be sensitive to the sensor parameters (incidence angle and wavelength) but not to the surface parameters. Since both the incidence angle changes and wavelength shifts are only a function of the snow's dielectric constant, which is mainly governed by the snow density, it is possible to estimate snow density by using L-Band SAR measurements. The task is to evaluate whether the model is sufficiently sensitive to the incidence angle and wavelength differences for a given set of copolarized SAR measurements.
A. Algorithm Development
To find a manageable inversion algorithm that can handle a large volume of SAR data, we need to characterize the dependence of the surface backscattering on both the incidence angle and the wavelength, since the surface backscattering model in (1) is generally complicated. For this purpose, we first simulated the surface backscattering components and using the IEM model [11] over a wide range of incidence angles, dielectric and roughness conditions, and incidence wavenumbers, corresponding to a range of snow densities from 100 to 550 kg m (Table II) . We selected three surface correlation function forms in the simulation corresponding to the most common surfaces of soil [14] .
Second, we characterized the relationship of HH and VV backscattering signatures with the wide range of surface dielectric and roughness conditions at each incidence angle and wavenumber, using regression analysis to find coefficients to parameterize this relationship (2) Equation (2) represents a relationship between the surface backscattering coefficients and at a given incidence angle and wavenumber for a wide range of random rough surfaces. The form of the relationship minimizes its sensitivity to the surface dielectric and roughness properties, while maximizing its sensitivity to the incidence angle and wavenumber. The coefficients , and in (2) depend only on incidence angle and wavenumber at the ground surface, and is always negative. They each have a similar form (3) , and 0.284 84. is the wavenumber that corresponds to the minimum dry snow dielectric constant at a snow density of 100 kg m . In (3), the first exponential term represents the coefficients , and determined at as a function of (r. The second term, for which all coefficients are positive except those for , corrects for the different wavenumber resulting from the different snow densities. The coefficients change greatly for different incidence angles and wavenumbers, as Table III shows.
As a function of incidence angle, the root mean square error (RMSE) between (2) and the IEM model is extremely small (Fig. 2, solid line) . The error is of order of 10 dB at small incidence angles and increases to about 10 dB at large incidence angles. By placing (1) in (2), we derive the algorithm for estimation of snow density by using only and SAR measurements (4) In (4), depends on the polarization , the incidence angle at the air-snow interface, and the dielectric constant of the snowpack . is the only unknown. can be calculated from a combination of the space shuttle orbital data and a digital elevation model. Therefore, for a given L-Band SAR measurements of and , we can estimate numerically by varying the coefficients of , and to find the root of (4). It does not require a priori knowledge of the dielectric and roughness properties of the soil under the snow.
Furthermore, snow density can be estimated from Looyenga's semiempirical dielectric formula [15] , which provides a good fit to Polder and van Santen's physical formula [16] (5)
To further demonstrate the applicability of (4) for estimating snow density, we evaluated the effects of SAR data calibration. We separately added the absolute and relative calibration accuracies of SIR-C's L-Band ( 2.3 and 0.7 dB, respectively) [17] to the simulated data in and . These calibration errors represent the upper statistical bound on the errors that we would expect in SIR-C's L-Band image data. The effect on the accuracy of the SAR measurements accuracy due to the absolute calibration (by adding 2.3 dB to both and is extremely small. The RMSE resulting from the absolute calibration error is almost exactly the same as the RMSE derived directly from the simulated data without calibration error (in Fig. 2 , they overlay with the solid curve). This indicates that the algorithm (4) is insensitive to the SAR absolute calibration accuracy. However, the relative calibration error of 0.7 dB, which was generated by adding or subtracting 0.35 dB from the simulated backscattering coefficients of one of the polarization and subtracting or adding 0.35 dB to the other polarization, has much larger effect on (4) (the dotted curve in Fig. 2 ). The error from the SAR relative calibration is much larger than the precision of (4) at small incidence angle but gradually decreases as the incidence angle increases. At large incidence angles ( 50 ), the algorithm (4) becomes insensitive to the effect of the SAR relative calibration error. This indicates that a better estimation accuracy of snow density can be obtained at larger incidence angles than at small incidence angles.
B. Validation from Ground Scatterometer Data
Ground scatterometer data collected by Oh et al. [12] at L-Band (1.25 GHz) are used to validate (4) for snow density estimation. Although the scatterometer data were directly measured from bare surfaces, we considered these measurements as if they were from a snow-ground interface and simulated the corresponding backscattering using (1). These L-Band scatterometer data have an incidence wavenumber 0.3142 cm , which corresponds to an incidence wavenumber shift caused by a snow density of 230 kg m in SIR-C's L-Band incidence wavenumber 0.2618 cm . Using the incidence angles of the scatterometer data as at the snow-ground interface and using a snow density of 230 kg m , we calculated the power transmittivity and the incidence angle at the air-snow interface. Thus, the backscattering measurements can be simulated from the scatterometer data using (1).
We normalized the estimated by of the SIR-C's L-Band wavenumber to estimate the snow dielectric property . Because the IEM model predicts VV backscattering will be larger than HH scattering from a bare surface, the scatterometer data with incidence angles of 10 to 70 were used in the test. Fig. 3 shows the relative errors between the estimated and calculated . The overall RMSE and maximum relative errors are 6.4% and 12.7%, corresponding to the RMSE and maximum relative errors of 11.3% and 24.2% for the estimation of snow density. All tested data agree well, and no missing solutions were found, even at 10 incidence. This indicated that (4) could be applied to a range of incidence angles to obtain a reasonable estimation of snow density. 
IV. ESTIMATION OF GROUND DIELECTRIC AND ROUGHNESS PROPERTIES
A. Ground Dielectric Properties
Several algorithms have recently been developed to quantitatively estimate bare surface soil moisture and roughness properties [12] - [14] . They have been successfully applied to L-Band VV and HH polarization image data from SIR-C and the NASA/Jet Propulsion Laboratory, Pasadena, CA, AirSAR. The common ideas behind these algorithms are to separate the effects of the surface dielectric and roughness properties on the backscattering signals and to present the model as a product of a dielectric function and a roughness function.
Solving two equations with two unknowns, one for the dielectric constant and the other for a surface roughness parameter, performs the inverse. They can be rearranged into one equation with one unknown. For example, the algorithm for estimating the surface dielectric constant [14] is (6) and are the polarization amplitudes for HH and VV in the small perturbation model. Values of depend on the dielectric constant of soil and the incidence angle [10] , while the coefficients and depend on incidence angle only. To evaluate the applicability of this algorithm for estimating dielectric properties of soil under snow, we performed the same regression analyses of [14] over a possible range of the incidence wavenumber shifts caused by different snow densities (Table II) . We found a significant error in estimating ground dielectric properties because (6) poorly minimizes the surface roughness effect when the surface is rough. In Fig. 4(a) , the circles represent an accuracy indicator for estimating the ground dielectric function value from the ratio of its dynamic range to its RMSE (i.e., the comparison of (6) with the IEM model simulated backscattering data). They represent an averaged accuracy or the number of classes over the range of the data used in the evaluation. This algorithm performs much better for soils with low dielectric constants than for high dielectric constants, similar to the findings of a study that compared a variety of soil moisture algorithms [18] . Fig. 4(a) shows that the accuracy indicator is about five at small incidence angles and increases as the incidence angle increases, so (6) will poorly estimate the ground dielectric properties except at large incidence angles. An improved algorithm is needed to obtain the subsurface dielectric and roughness properties.
Common problems with the current techniques [12] - [14] , [18] are a requirement for good absolute and relative calibration and a propagation of error from the estimate on one unknown into the estimate of the second. Because the equations can be rearranged into one equation with one unknown, the inversion performance is a weighted combination of the different polarization signatures, which minimizes the effect of one unknown so that the other unknown could be estimated from SAR image data. Therefore, we could directly establish independent models to estimate surface dielectric and roughness properties separately.
The IEM model [11] calculates the backscattering coefficients in terms of a power series expansion for both the polarization magnitude and roughness functions. The degree of the power expansion required to achieve convergence in the IEM model is proportional to the surface roughness. For rough surfaces therefore, a higher-order inverse model is needed to estimate ground dielectric and roughness properties.
Based on the above considerations, we re-evaluated different combinations of backscattering coefficients in VV and HH polarizations up to the second order. Several forms can be found that provide similar accuracy for estimating the ground dielectric constant, and we also evaluated the performance of each form in the presence of SAR calibration errors. Finally, we selected a form with the least sensitivity to the calibration error and the best overall accuracy for estimating dielectric properties of snow-covered ground (7) The surface backscattering coefficients and can be determined from (1) after the snow density has been estimated by (4) . The coefficients , and from regression analyses are with (8) The coefficients for (8) , shown in Table IV , depend on the incident wavenumber and incidence angle at the snow-ground interface. The ground dielectric constant is calculated from , where , the dielectric contrast at the snow-ground interface, is [10] (9) (8) When estimating the ground dielectric properties, it is necessary to include the effect of the incidence wavenumber shift caused by varying snow densities even if there is no significant effect on . The maximum relative error of in the wavenumber range of our simulated data is less than 0.1%. However, the magnitude of both and increases and the difference between and decreases as the incident wavenumber increases for a given surface roughness parameter. They have a tremendous effect on the accuracy of (7).
The solid curve in Fig. 4(a) shows the accuracy indicator as a function of incidence angle at the snow-ground interface. Equation (7) is much more accurate than (6) . The averaged accuracy indicator at 15 is about nine compared to five from (6), which gives an accuracy improvement of 80%. At 70 , it is 31 compared to 21, a 48% improvement. Therefore, the newly developed algorithm (7) should provide better estimates of the dielectric properties of the soil or rock under the snow.
Similarly, we also evaluated the effect of SAR measurement accuracy on the algorithm performance. The dotted and dashed curves in Fig. 4(a) represent the accuracy indicator under the absolute and relative measurement errors of 2.3 dB and 0.7 dB, respectively. Note that these measurement errors represent a statistical upper bound, close to the worst calibration error in the SIR-C L-Band backscattering measurements. Both absolute and relative calibration errors in SAR measurements affect the performance of (7). At 15 incidence, the accuracy indicator caused by relative calibration error is only slightly larger than two, indicating poor accuracy. Without good relative calibration, Equation (7) can only qualitatively indicate low or high (dry or wet) dielectric constant of the soil. However, (7) is less sensitive to the absolute calibration error. The accuracy indicator at 15 incidence angle is about five under 2.3 dB of the absolute calibration error, and the sensitivity decreases as the incidence (11) angle increases, i.e., the algorithm performs better at larger incidence angles.
B. Estimation of Ground Surface RMS Height
In [14] , a combined surface roughness parameter ( is the Fourier transform of the power spectrum of the surface correlation function) was chosen to represent the surface roughness properties and to derive (6) . During our work on the algorithm to estimate snow depth [7] , we found that the surface RMS height is more useful than for estimating the ground's backscattering components, and the interaction between volume scattering in the snow and surface scattering from the ground at higher radar frequencies. Thus, we developed an algorithm to estimate the ground surface roughness RMS height (10) Equation (11) gives the coefficients in (10) (11) These coefficients are given in Table V and are little affected by the differing incidence wavenumbers, because the frequency dependence of the ground dielectric constant in our simulated data has little affect on the polarization magnitude as discussed above, and because the magnitudes and the ratio of and are directly proportional to increases in the incidence wavenumber. Therefore, we can estimate using (10) with to calculate the ground surface RMS height. Fig. 4(b) shows the absolute error of (10) as a function of incidence angle at the snow-ground interface. The solid, dotted, and dashed curves again represent the RMSE direct from the model-simulated data and with SAR absolute and relative calibration errors of 2.3 dB and 0.7 dB, respectively. Fig. 4(b) shows that a better accuracy and confidence about surface rms height can be obtained in the middle range of incidence angles. Relative calibration error has a greater impact than absolute error at small incidence angles. At incidence angles above 40 , absolute error has the larger effect on the results. 
V. VALIDATION
A. Validation Using Ground Scatterometer Data
To evaluate the accuracy of the algorithms to estimate the dielectric constant and roughness of the surface under the snow [ (7) and (10)], we used the same L-Band scatterometer data [12] as in the snow density test (Section III-B). Errors are significantly reduced by eliminating the multiple scattering effect by comparing the single scattering IEM model prediction with SAR measurements for both forward and inverse performance [14] . Under the assumption that the multiple scattering has a similar magnitude in both VV and HH polarizations, the effects of the multiple scattering are reduced by subtracting from the and measurements. Table III ]. Both the estimated soil moisture, with an RMSE of 4.1% by volume, and the RMS height, with an RMSE of 4.2 mm, agree reasonably well with the field measurements, although there is some systematic bias. There were also some values omitted because they were outside the range of physically possible data, showing that (7) is not suitable at very small or large incidence angles. It is best in the incidence range of 30 -60 .
The leftmost bar in the graph, where the standard error does not include the 1:1 line, was from a measurement of 14% soil moisture obtained by averaging a surface measurement of 9% with a value at 4 cm depth of 19%. When the soil surface is quite dry, the radar signal can see much deeper so the wet layer below contributes more to the signal than if the layers were reversed. If the top surface layer is quite wet, the radar signal will not see the layer under it. The simple averaging method used in this study may not truly represent the soil moisture value that the radar "sees."
B. Validation Using SIR-C's L-Band Image Data
The Mammoth Mountain SIR-C/X-SAR field site, at 37 N 119 W on the eastern slope of the Sierra Nevada, is typical of the alpine region. Snow dominates annual precipitation, with snowfall usually beginning in October and snowmelt runoff starting in April or May. We carried out an intensive ground campaign during the first SIR-C/X-SAR mission from April 9 to 20, 1994. Snow property measurements in the snow pits included temperature, density, grain size and size variation, free liquid water content, and stratification. On April 7, just before the SIR-C/X-SAR flight, there was a light snowfall that deposited a thin new snow layer up to 20 cm thick over the older snow. All field snow property measurements, including detailed snow pit profiles, geolocation of each measurement, and associated field notes have been put into our Snow Hydrology Database [19] . We used three processed data-takes from the first mission SIR-C/X-SAR in April 1994 (Table VI) . The three data-takes were acquired in the early morning around 6:00 a.m., while the snow pit measurements taken at 11:00 a.m. showed no signs of liquid water in the snow, even at 2850 m elevation. Thus, the imaged snowpacks were dry. The SIR-C calibration team at the JPL performed radiometric calibrations for each data-take. Using the space shuttle orbital geometry data and a digital elevation model, we derived the terrain radiometric calibration factor and local incidence angle images corresponding to the SIR-C image data. The terrain radiometric correction factor [20] is , where is the incidence angle used in the initial SAR data processing under a flat surface assumption and is the actual local incidence angle.
To estimate snow density, the subsurface dielectric constant, and RMS height, we first averaged the Stokes matrix over 5 1 or 5 2 windows to form multi-look imagery with larger azimuth (25.1 m) and slant range (13.3 m) pixel spacing. Then we made the terrain correction. Based on the snow classification results derived from SIR-C/X-SAR's image data [21] , we masked out the snow-free pixels. Table VII summarizes the steps and equations that used to derive snow and under-ground properties. After deriving the snow density, ground dielectric constant, and the RMS height maps from all three SIR-C L-Band images, we further performed a 5 5 moving average window in order to reduce image speckle.
During this process, we filled pixels outside the range 100 to 550 kg m with the average of the 5 5 window. Only 6.1%, 3.2%, and 1.5% of the snow-covered pixels in data-takes 51.1, 67.1, and 99.0, respectively, were outside the range. These were mainly found in regions with very small incidence angles and layover. Thus, data-take 51.1 with a 25.8 look angle contained a higher percentage of pixels outside the allowed density range than data-takes 67.1 and 99.0 with look angles of 36.7 and 53.7 .
There are two major possible causes of this problem, especially at small incidence angles. As discussed in Section III (Fig. 2) , the relative calibration error between the polarizations degrades the algorithm performance especially at incidence angle less than 30 . Moreover, the algorithm requires an accurate determination of the incidence angle at the air-snow interface, so the precise sensor location combined with an accurate, fine-resolution DEM are needed. The small percentage of rejected pixels shows that the algorithm performed well. Fig. 6 shows the maps of estimated snow density, subsurface dielectric constant, and soil RMS height. Since the three SIR-C's images were acquired within four days, we do not expect significant changes in the snow density and its spatial distribution patterns. The SAR-estimated snow densities ranged from 200 to 520 kg m , agreeing with the range derived from our field measurements. The densities are consistent across all three data-takes, indicating no significant effect of different incidence angles.
Because of logistical difficulties in sampling the soil underneath the snowpack, we did not make in situ measurements of the soil dielectric constant and RMS height. Thus, we are unable to quantitatively verify their estimates from the SIR-C image data. However, the third row of Fig. 6 shows the estimated surface RMS heights are consistent for the same regions imaged by data-takes 51.1 and 67.1. The different incidence angles do not appear to affect the algorithm performance. On the other hand, as the second row of Fig. 6 shows, the estimated soil surface dielectric constants from data-take 51.1 are significantly higher (about two to three higher) than those derived from data-takes 67.1 and 99.0 for the same regions. This is because data-take 51.1 had a 25.8 incidence angle at the image center, so most of the estimated incidence angles at the snow-ground interface were extremely small. The algorithm for estimating the soil's dielectric constant may have uncertainties or poor accuracy at small incidence angles. However, the estimated ground dielectric constants from data-takes 67.1 and 99.0 are consistent, indicating better performance at larger incidence angles.
We successfully verified the estimates of snow density by comparison with 33 snow pits that we dug during the April 1994 SIR-C/X-SAR mission. At three test sites: San Joaquin Ridge, McGee Mountain, and Ruby Lake Basin, we examined detailed vertical profiles at depth intervals of 5 to 10 cm through the full snowpack thickness. At each snow pit, two snow density profiles from opposite walls of the snow pit were measured in order to reduce the uncertainties. To monitor changes in snow density over time, some of these snow pits were measured close to each other. To compare with the SIR-C/X-SAR images, we processed the data according to the following rules.
1) If the measurements were on the same date as the SIR-C data-take, we simply used the data. 2) If two measurements spanned the date of the SIR-C datatake, we interpolated a weighted mean value. 3) If the measurements were all before or after the SIR-C data take, we selected the measurements on the closest date. With these criteria, we selected a total of 23 snow density measurements from 33 snow pits to verify the snow density algorithm. Some of the snow pits were measured at the same time and were very close to each other. We also used two types of snow density measurements for the comparison: the average snow density of the profile and the average of the top and bottom layers.
The RMSEs for these two measurements are 83 and 42 kg m (relative errors 27% and 13%). The reason why the second test has a better accuracy is that the backscattering signal is mainly controlled by two factors. First, the snow density at the top layer near the surface mainly affects the power transmissivity at the air-snow interface. Second, the snow density at the Fig. 7 . Comparison of the snow densities estimated from SIR-C's L-Band SAR image data with the field measurements that were averaged from the top and bottom snow layers.
bottom layer controls the incidence angle and wavenumber at the snow-ground interface. Thus, our estimated snow density represents the mean value from the snowpack's top and bottom layers. Fig. 7 compares our SIR-C and field measurements of snow density.
VI. CONCLUSION
Although the L-Band radar signal passes easily through dry snow, snow density affects the backscattering signal. The major scattering mechanism is the surface backscattering at the snow-ground interface. Compared to a bare surface, radar pulse interactions with a dry snow cover result in a wavelength shift, incidence angle and dielectric contrast change, and power loss at the air-snow interface. Dry snow causes significant backscattering differences in both the magnitude and the relation between VV and HH polarizations. By considering the scattering mechanism, an algorithm for estimating snow density using L-Band VV and HH measurements has been developed based on the numerically simulated backscattering coefficients. This algorithm maximizes the sensitivity to the incidence angle and wavenumber while minimizing its sensitivity to the surface dielectric and roughness properties. The algorithm does not require a priori knowledge of the subsurface dielectric and roughness properties.
Our sensitivity analyses show that the algorithm is insensitive to the SAR absolute calibration error but sensitive to the relative calibration error, especially at small incidence angles (less than 30 . Experiments with ground scatterometer data and three images from SIR-C/X-SAR indicate that the algorithm can be applied over a large range of incidence angles (10 -70 . The estimated snow density agrees well with field measurements. The comparison of the estimated snow density from three SIR-C L-Band images with field snow density measurements shows an absolute RMSE of 42 kg m and a relative 13% error. The algorithm can be applied to the seasonal snow cover when the snow is dry. Because the algorithm is based on the modification of the surface scattering problem, it can be applied where the subsurface is either soil or rock. However, it cannot be applied where the subsurface is dominated by volume scattering, which would likely be the case with snow-covered firn.
Furthermore, we found that a previous algorithm for estimating the ground surface dielectric properties [14] could not be extended to a snow-covered surface. Therefore, we improved algorithms for estimating the soil surface dielectric constant and RMS height. The algorithm development is based on higherorder nonlinear regression from the backscattering numerically simulated using the IEM model. The advantage of the new algorithm is that the errors in estimated dielectric constant and surface RMS height do not affect each other because they are developed independently.
In addition, under the presence of SAR calibration errors, our tests show less sensitivity to absolute calibration error than to the relative calibration error. The algorithm performs best at incidence angles between 30 and 60 . Validation with ground scatterometer measurements showed soil moisture RMSE of 4.1% by volume and a roughness RMSE of 4.3 mm.
